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INTRODUCTION

Although much progress has been made in elucidating the underlying molecular mechanisms responsible
for prostate cancer in recent years, effective treatments for this disease have not progressed at the same pace.
New therapeutic approaches are badly needed.

In last decade, it has been found that some hyaluronan (HA, a major component of extracellular metrix)
binding proteins, such as soluble CD44 and proteins from scapular chondrocytes or cartilage have anti-tumor or
anti-angiogenesis effect (1-4). In addition, some angiogenic inhibitors, such as endostatin, have HA binding
domain demonstrated by its crystal structure (5-7). Furthermore, the shake cartilage powder or its extracts have
been on the shelf of health food market in USA (FDA IND# 43 033, approved on Fab 7, 1994), Europe and Asia
for a decade. This substance has been widely used by patients with different tumors, in believing that avasscular
cartilage might contain some natural anti-angiogenesis substance. Indeed, this substance has exhibit anti-cancer
effect in some patients, which might be associated with that some components of shark cartilage escape
digestion, and enter tumor sites via the blood circulation. Although the therapeutic value of shake cartilage for
cancer is still controversial, Alternative Medicine Center in National Institute of Health has made decision to
test the efficacy of this substance (8-21). The cartilage contains an abundance of HA binding proteins (HABP,
22-25). Whether the anti-tumor/angiogenesis effect of shark cartilage achieved in a proportion of cancer
patients is due to the partially digested fragments of HABP passing through impaired mucous of gastrointestinal
(GI) track remains to be investigated.

The goal of this study is to determine the anti-tumor effect of hyaluronan (HA) binding proteins/peptides
(HABPs) and to explore their underlying anti-tumor mechanisms.

In this grant support period, we demonstrated that: 1) HABPs could be obtained via different
approaches, such as affinity purification, genetic expression and chemical synthesis; 2) HABPs from different
sources could exert anti-cancer effect without obvious side-effect, indicating that anti-tumor effect is a universal
property of members in HABPs family; 3) HABPs could inhibit the tumor angiogenesis; 4) some HABPs could
bind to Bcl-2, promote the release of cytochrome ¢ and trigger apoptosis of tumor cells; 5) some HABPs could
activate the classic complement pathway to kill tumor cells.

The results reveal that HABPs, a set of naturally existing biological agents is likely to be a new category
of anti-tumor agent via triggering intrinsic death pathways.

We believe that study of functional domain of HABPs may lead to discover new anti-tumor agent that
can be synthesized in a large quantity and safe for use in prostate cancer treatment.



BODY

Our study approaches were in the following sequential: 1) to obtain HABPs from different sources in the
forms of either intact molecules or truncated fraction to pin down the functional domain of HABPs; 2) to
determine their anti-tumor effect; and 3) to explore their putative action mechanisms.

A. To obtain HABPs from different sources using different approaches
1. Purification of a large quantity of intact HABP from cartilage cartilage:

The cartilage is a tissue that enriches in HA and HA binding proteins (HABP, 22-25). First, we wanted
to see if we could purify cartilage intact HABP using our HA affinity column, since we speculated that the
HABP might be the responsible molecule for the anti-tumor/angiogenesis effect that had be achieved in some
cancer patients (8-21). The fresh cartilage was purchased from cow farm and sliced into small pieces. The
purification procedure was performed according to Dr. Tengblad’s method (26-27) with some modification
outlined as following. The result showed that the cartilage HABP that can be purified in a large quantity using
our HA affinity column. During the purification process, every effort was made to avoid the bacterial
contamination. At the end, the endotoxin in each preparation was tested and the results was less then SEU/ml,
indicating that the purified cartilage HABP could be used for both in vitro and in vivo studies.

It is known that in the HABPs purified with HA affinity column have at least two major proteins with
high affinity to HA: link protein and aggrecan. Since it is not possible to use human cartilage to purify these
proteins, we have to use genetic expression approach.

2. Construction, expression and purification of recombinant human aggrecan and link protein:
The aggrecan is one of the major HABPs in cartilage. The only way to obtain human aggrecan is to use
molecular biology approach. According to the published cDNA sequence (GenBank access number M55172
and X17405), we designed the two paired primers. One pair framed the most of HA binding domains in the N-
terminal of aggrecan, which consisted of first 350 amino acids without signal peptide. The other pair framed the
whole sequence of link protein (1,016 bp). The RT-PCR was performed using a ¢cDNA library of a human
sarcoma cell line derived from chondrocytes as template. The cDNAs cording for the portion of aggrecan (993
bp) and the full-length of link protein was inserted into pPICZ yeast expression vector with a-factor signal
peptide for secretion from yeast cells and Hisg tag for purification. After the clones with correct cDNA were
identified by DNA sequencing, the fermentation was carried out to produce truncated human aggrecan protein
(termed briefly as aggrecan) and link protein. The aggrecan purified from Ni-column was identified as a single
diffused band with apparent molecular weight of 68 kDa on SDS-PAGE gel, which may due to the dimerization
or glycosylation of the protein. The link protein had 354 amino acids with apparent molecular weight of 46 kDa
The HA binding ability of aggrecan and link protein was determined by mixing 20 ug of recombinant human
aggrecan and link protein with *H-HA (see attached paper for method). The result showed that both recombinant
aggrecan and link protein had a HA binding activity.

3) Synthesis of different HA binding peptides

Triggered by the fact that most biological agents that are used in treatment are small molecules, peptides,
etc. We decided to study on HA binding peptides obtained by using chemical synthesis approach. The study of
naturally existing HABPs reveals that there is a common property in the functional domain of HABPs, which
they all contain a motif of B[X;]B (two basic amino acids flanking a sequence of seven amino acids, 29). We
used this property (B[X7]B) to search naturally existing peptide or the motifs in the known HABP and define the
sequences for the chemical synthesis. Using the ’H-HA as a tool to determine their HA binding activity, we
obtained several leading HA binding peptide sequence and studied them in detail summarized as following.

The study of HA binding peptide has the following advantages: 1) it can be obtained in a large quantity
without endotoxin contamination; 2) it is much more stable than the native protein, given a long shelf-life for
clinical application, if the anti-tumor activity is strong enough to be a drug; 3) it can be chemically modified to
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prevent from enzymatic digestion, which will yield a long half life in body; and 4) it can provide a molecular
structure for the design of mimic small molecule. We believe that this is a right direction to carry out our
research.

a. P4, a peptide derived from HA binding sites of aggrecan and hyaluronidase: P4 consisted of 46
amino acids (CNGRCGGKQKIKHVVKIKVVVKILKSOLVKRKVVVRRRKKIQGRSKR) derived from
(B[X41B) portions of aggrecan and hyaluronidase. It contained three (B[X;]B, two from aggrecan and one from
hyaluronidase). It was coupled together using a series of VVV residues to provide the flexible linkages. To
improve the targeting of the peptide to tumor and endothelial cells the N-terminus consisted of CNGRG
sequence that acts as a ligand for CD13 (30). To impede enzymatic degradation, the N—terminals of the peptides
were acetylated, and the C-terminals were amidated. The peptide was synthesized by Genemed (San Francisco,
CA) and dissolved in a small amount of dimethylformamide and 1% acetate acid, diluted with saline to a
concentration of 1 mg/ml, and sterilized by placing in a boiling water bath for 15 min. This peptide had a high
affinity to "H-HA.

b. Human brain-HABP fragment (BH-P). Using biotinylated HABP in immunohistochemic staining
of brain, we found that abundant of HA existed in human brain, suggesting that its binding protein, brain-
HABP, may also exist in a large quantity. Therefore, we cloned human brain HABP (GenBank accession
number AY007241). Triggered by the fact that most of biologically active molecules are small peptides, we
believe that the fragment form brain HABP may possess functions of its intact molecule. BH-P
(CNGRCGGRRAVLGSPRVKWTFLSRGRGGRGVRVKVNEAYRFR) contains three HA binding motifs
from the NH2 terminus of the human brain HABP was synthesized. It has a molecular mass of 4,736 and an
isoelectric point of 12.01. The control peptide (control-P) consists of the same amino acids with a scrambled
sequence. To impede enzymatic degradation, the NH2 terminus of the synthetic peptides was acetylated, and the
COOH terminus was amidated. Before use, the peptides were dissolved in dimethylformamide and 1% acetate
acid, diluted with saline to a concentration of 1 mg/ml, and sterilized by boiling for 15 min.

c¢. Tachyplesin, a naturally existing HA binding peptide: In search of naturally existing HA binding
peptide, we synthesized more than 10 peptides according to their possessing of structure of (B[X7]B) and then
screened with *H-HA. One of them possessed a high binding activity was tachyplesin, an antimicrobial peptide
present in leukocytes of the horseshoe crab (Tachypleus tridentatus). Tachyplesin has a unique structure,
consisting of 17 amino acids (KWCFRVCYRGICYRRCR) with a molecular weight of 2,269 Dalton and a pI of
9.93. In addition, it contains two disulfide linkages, which causes all six of the basic amino acids (R: arginine;
K: lysine) to be exposed on its surface. To better target on tumor/vessel, the synthetic tachyplesin was
conjugated to the integrin homing domain RGD. The RGD-tachyplesin was purified with HPLC with 99%

purity.

B. HABPs from different sources could exert anti-cancer effect without obvious side-effect
Fig.1. Inhibition of tumor cell growth by purified HABPs

1. Effect of affinity purified HABPs on tumor cells
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the natural structure of this protein is essential for its activity of anti-tumor cell growth.

2) In vivo effect of cartilage HABPs on the growth of primary TSU cancer and other tumors

To test the effect of The tumor-CAM system was used, since this
was a quick, easy and cheap system (28). Furthermore, in our experience,
the results from the tumor-CAM system are comparable with those
obtained from the mice model system. Two million TSU or were placed
on the CAMs of 10 days old chicken embryo (12 eggs/group) and allowed
to grow for two day. When the established tumors could be seen by eye,
80 pg (in 200 pl saline) of HABP was iv. injected once into CAM. Four
days later, the tumors were harvested, weighted and photographed. As
shown in Fig. 2, the TSU tumors treated with HABP were smaller than
those treated with vehicle alone or heat-inactivated HABP, and the
difference was statistically significant (P<0.05). The effect was dose-
dependent and required a native, active form of HABP. However, there
was no difference in the chicken weight (data not shown), indicating that
the HABP was not toxic and did not interrupt the normal development.
Similar results were obtained with aggressive tumor formed by B16 cells,
suggesting that the anti-tumor effect of HABP is not cell line specific.
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Fig 2. Effect of HABPs on TSU tumor

3) Invivo effect of cartilage HABPs on the experimental metastasis
Since the cause of death in cancer patients is mainly due to the metastasis, we were interested to see the

effect of HABP on tumor metastasis (currently, there is
not consistent prostate cancer metastasis model
available). In this set of study, we used B16 or Lewis
Jlung metastasis models, since they are well-recognized
and reliable metastasis models. Fifty thousand tumor
cells were i.v. injected via tail vein into C57BL/6
syngenic mice and allowed to establish for two days.
Then, the mice were treated with i.p. injection of different
doses of HABP (as test) or BSA (as non-specific protein
control) or HABP pre-incubated with excess HA. As
shown in Fig. 3, the experimental lung metastases formed
by B16 or Lewis lung cancer cells were dramatically
inhibited by i.v. injection of HABP every other day at
doses of 15 to 50 pg. Importantly, in a side by side
comparison study, HABP seems more effective than
angiostatin, a well-known angiogenic inhibitor.

2. Anti-tumor effect of aggrecan
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Fig 3. Inhibitory effect of HABPs on tumor metastasis

Fig 4. Inhibition of tumor growth by aggrecan

We were eager to see the effect of aggrecan on tumor growth. i 2 fc O leole

Two million of TSU tumor cells were placed on top of CAM of 10 days
old chicken embryos. Two days later, 100 ug of aggrecan (expressed in
yeast and purified with Ni-column) was i.v. injected into CAM and four
days later, the tumors were harvested, pictured and weighted. The
results showed that the tumors in the aggrecan treated group were
smaller than the control (Fig 4) and the difference in the tumor weight
between two groups was statistically significant (p<0.05). There was
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the aggrecan was not toxic to the embryo and did not impair the normal development.

3. Anti-tumor effect of link protein

To test the biological effect of a given protein, the gene transfection approach is a quick and clean
approach, since the only difference between the parental and positive transfectants cells that receive either vector
alone or with cDNA of link protein is the expression level of link protein at same genetical background, which
allow us to obtain a clear-cut conclusion. As shown in the Fig S, the cells expressing high level of link protein
had a small tumor size (A), slow tumor growth curve (B) and reduced tumor weight compared to the vector
alone control group (C). These data suggest that the level of link protein is reversely correlated with tumor
growth and the anti-tumor effect of link protein can be achieved by genetic modification. Although how to
deliver the effective anti-tumor gene is currently unsolved problem, the candidate therapeutic gene should still be
investigated.

Fig 5. Link protein inhibits the primary tumor growth
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4. Anti-tumor effect of P4

a. In vitro effect: The anti-tumor effect of P4 was demonstrated by its ability to inhibit the growth of
tumor/endothelial cells in both anchorage-dependent (3H-TdR incorporation assay, Fig 6 A and B) and
anchorage-independent growth (soft agar assay, Fig 6 C and D).

Fig 6. P4 inhibits the primary tumor growth in both anchorage-dependent and anchorage-independent conditions
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b. In vivo effect: To investigate the in vivo effect of P4, the
amino acid sequence of P4 was back-translated into cDNA and and
inserted into pSecTag2/hygro vector containing a Igk signal peptide
for secretion. The success of transfection was determined by Western
blotting with antibody generated against P4 (data not shown). When
two million transfectants cells were inoculated on nude mice, the
tumors formed by P4 transfectants were much smaller than with the
mock transfected cells (Fig. 7 A) and the difference was statistically
significant (P<0.05, Fig. 7 B).
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5. Anti-tumor effect of BH-P

Fig 8. Effect of BH-P on tumor growth in vitro

BH-P could specifically bind

A B .. c

to HA as shown in Fig 8 A. When | = | e ] | Seod T
BH-P was added to the media of | & ™ - !”‘” é‘
cultured tumor cells for 18-24 hours, g 8000 g o &M
it caused the cells to become rounded g P S £ 200 —
and detached, whereas the control - % e = §
peptide had no such effect (data not i i o g o T M 9

. . &g \‘?‘sag X 7 & P H ¢ 3
shown). To quantitatively measure o e g B, & &
the extent of this inhibitory effect, a & ° S

[*H]-thymidine incorporation assay
was conducted. Figure 8 B shows that the proliferation of tumor cells was inhibited by BH-P in a dose
dependent manner, with an ECsy of about 100 pg/ml. The In contrast, the control-P had no effect even at a
concentration of 200 pug/ml (Fig. 8 B first column). In addition, BH-P also inhibited the colony formation of
these tumor cells under anchorage-independent conditions on soft agar (Fig. 8 C).

In view of these in vitro results, we then examined the effects of BH-P in vivo in two different model

systems. Fig 9. Effect of BH-P on tumor growth in vivo

In the first model system, BH-P was directly injected A Control-P 8 Control-P
into a vein of chicken embryo CAMs on which tumor | e = = & & ¢ Yejoaprse
xenografts were growing. As shown in Fig. 94, the sizes of o B

: . ® v # ° @Qen ®Aace

tumor xenografts in the BH-P treated group were much
smaller than those injected with control-P. Similar results were R T B ] =
obtained with MDA-435 cells in the same model (Fig. 9B). § 02 ' E”
Furthermore, the difference in the tumor weights between the g' o _ g“ J
test and control groups was statistically significant (Fig. 9C g O l B |
and D). The data suggested that the antitumor effect of BH-P 00 = = i) .
was not limited to one cell line and was likely to be universal. d‘@q & 4 &

We also transfected cDNA of BH-P into tumor cells and examined its effect. Fig. 10 A shows that the
growth curve of the tumor cells transfected with BH-P was below that of the mock-transfected cells. Forty-two
days after inoculation, the average size of tumor xenografts in the BH-P group was smaller than that in the
control group (Fig. 10B), and the difference in tumor weight between the two groups was statistically significant

(Fig. 10C; P <0.05).
Fig 10. Inhibitory effect of BH-P on tumor growth of transfectants in vivo
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of TSU or B16 tumor cells in CAM or mouse models were
examined. As shown in Fig.12, the TSU tumor xenografts

this difference was statistically significant (P < 0.05; Fig. 4F+
). It should be noted that RGD-tachyplesin did not appearto be

6. Anti-tumor effect of tachyplesin

Because both tumor and endothelial cells play an important role in determining tumor
progression, we initially examined the effects of RGD-tachyplesin on the proliferation of both of these
cells in vitro. As shown in Fig. 11A, RGD-tachyplesin inhibited the growth of the cultured cells in a dose-
dependent manner, with an ECsy of about 75 pg/ml for TSU tumor cells and 35 pg/ml for the endothelial
cells. In contrast, the scrambled peptide had no obvious effect on the proliferation of the cells at 100 pg/ml.
This effect was also reflected in the morphology of the cells. After exposure to 50 ug/ml RGD-tachyplesin
for 12 h, a significant fraction of treated cells had become rounded and detached, whereas few cells did so
after treatment with the control peptide (data not shown).

To determine whether non-tumorigenic cells were also affected by RGD-tachyplesin, the
immortalized cell lines, Cos-7 and NIH-3T3, were tested in the [*H]-thymidine incorporation assay. As
shownin Fig. 11B, when treated with 50 pg/ml RGD-tachyplesin, the extent of inhibition of Cos-7 or NIH-
3T3 (0-20%) was less than that of tumor or proliferating endothelial cells (40-75%), indicating that
nontumorigenic cells are less sensitive to RGD-tachyplesin.

Next, we examined the effects of the peptides on the growth of TSU cells in soft agar. The ability
of cells to grow under such anchorage-independent conditions is one of the characteristic phenotypes of
aggressive tumor cells. As shown in Fig. 11C, RGD-tachyplesin inhibited the ability of TSU cells to form
colonies as compared to the groups of control peptide and vehicle alone.

Fig. 11. Anti-tumor effect of tachyplesin on tumor/endothelial cells in vitro
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toxic to the mice, as judged by their weights and activity at the end of the experiment. Thus, the results from two
models are consistent with each other, indicating that RGD-tachyplesin can inhibit tumor growth in vivo.

C. To explore the possible mechanisms by which HABPs exert their anti-tumor effects

1. Effect of HABPs on proliferation and migration of endothelial cells in vitro and
angiogenesis in vivo. Fig13  Control HABP 5 ug/ml HABP 50 ug/mi

It has been reported that cartilage contains anti- .
angiogenesis substance that is in part responsible for the
anti-tumor effect (1-4, 8-21). To test if our purified
cartilage HABP had any effect on endothelial cells, we
performed in vitro and in vivo studies.

First, the different amounts of HABP (5, 50
ug/ml) or heat-inactive HABP or HABP pre-incubated
with excess of HA or HA alone (as control) were added

to the media of endothelial cells cultured in 24 well T et °';‘“{’F°;{é“:..,..‘.,‘:i,";"““" by HABP
plate. On day 2, 4, 6 and 8, the cells were harvested with T Conwol  HABP 50 ug/ml

10 mM EDTA and the number was counted with Coulter Ky oA ol
Counter. The result (Fig. 13 top panel) showed that the g ; RREC
HABP inhibited the growth of endothelial cells in a 3 . A

dose-dependent manner. This effect was abolished when 3 - M= Y
HABP was heat-inactivated or pre-incubated with HA, = s
indicating that the natural structure and the HA binding 0 : . :

site are critical for its function of anti-endothelial cells. R

A, : Percentage ot Apoptotic Cells

The ceil death is likely due to apoptosis, since the flow
cytometer analysis showed (Fig. 13 bottom panel) that the apoptotic bodies of two types of endothelium
(BREC and ABAE) were increased upon the exposed to HABP.

Secondly, the HABP effect on the migration of endothelial cells was carried out with Boyden Chamber
Assay. Aliquots containing 5 x 10° cartilage retinal endothelial cells (BREC) in 50 pl media was added to
bottom wells of a 48 well Boyden chamber and then covered with a Nucleopore membrane (5 um pore size)
coated with 0.1 mg/ml gelatin. The chamber was assembled and inverted for 2 hours to allow the cells to adhere
to the bottom side of membrane and then turned upright.
inactivated HABP was added to top wells of chamber and
incubated for another 2 hours. Then, the cells on bottom
side of the membrane will be carefully wiped off and the
cells that have migrated to the top side of the membrane
will be stained with Hema 3. The number of cells in 10
random fields will be counted. The result showed that the
migration of BREC was greatly inhibited by HABP
compared to the heat-inactivated HABP (Fig. 14A and B)
and the difference was statistically significant (Fig. 14C).  Fig. 14. Migration of endothelium was inhibited by HABP

Fig. 15. Inhibition of angiogenesis in CAM
The effect of HABP on in vivo angiogenesis was tested in CAM

(chorioallantoic membranes). Filter disks (0.5 ¢m in diameter) containing
15 ng of VEGEF (as stimulator) will be placed on the CAMs of 6 days-old
chicken embryo (10 eggs/group). 80 ug /ml of HABP (as test) or heat- ‘
inactivated HABP or saline (as controls) was administrated i.v. into the
CAM once. On day 4, the filter disks were cut out and fixed in 3.7%
formaldehyde. The blood vessels on the filter disks were digitally
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photographed and analyzed with Optimas 5 program to determine the total vessel length. The result was
expressed as vessel length index: total length of each sample/ total area measured. Indeed, the VEGF stimulated
angiogenesis was inhibited by HABP (Fig. 15B) compared to the groups treated with heat-inactivated HABP
(Fig. 15C) or saline (Fig. 15A). The difference in vessel length index among these groups was statistically
significant (P<0.05, see attached paper).

2. HABPs alter the integrity of cell membrane

One possible mechanism to kill cancer cells is to alter their integrity of plasma or mitochondrial
membrane, which, in turn, induces apoptosis. To examine this, we used JC-1 staining, which measures the
membrane potential of mitochondria. As shown in Fig.16 B and C, treatment with RGD-tachyplesin caused a
shift in the fluorescence profile from one that was highly red (Fig. 16B) to one that was less red and more green
(Fig. 16C). This indicated that the membrane potential of mitochondria was changed by treatment with RGD-
tachyplesin. Fig.16. Impairment of integrity of cell membrane by RGD-tachyplesin

We also examined the A = IE— c e
integrity of the plasma membrane -
and nuclear membrane after
treatment with  the scrambled
peptide and RGD-tachyplesin using _
two different fluorescent markers. o l
YO-PRO-1 dye can only stain the @ejvﬁ:¢@¢ S S — 7 ]
nuclei of cells with damaged plasma “":pé“'c,of O : :. -4 n .ﬂ:-un::y sl
and nuclear membranes. Fig. 16D roen Ter——
shows that treatment with RGD-
tachyplesin allowed the YO-PRO-1
dye to pass into the nuclei, causing
an increase in the fluorescence
intensity.  Similar results were J.J" Qfm I ] ,
obtained when the cells were stained L_{r.' b \ ./ \ &
with FITC-dextran, which is not 3w e 1 o 10° o P o
taken up by viable, healthy cells but == =

% of Positive Cells
Red Fluorescenca Intesity
10
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]
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can pass through the damaged plasma membrane of unhealthy cells. Fig. 16E shows that cells treated with RGD-
tachyplesin took up a greater amount of FITC-dextran (M; 40,000) than did those treated with the control
peptide. These results indicated that the majority of RGD-tachyplesin-treated cells allowed these big molecules
to pass their damaged membranes.

Fig 17 HABP induces apoptosis

To examine the extent of apoptosis, TSU cells that had been ——
treated for 1 day with the test or control peptides were stained with g oo | = rame s J -
FITC-annexin and propidium iodide. FITC-annexin V binds to - -
phosphatidylserine, which is exposed on the outer leaflet of the plasma g Sl o
membrane of cells in the initial stages of apoptosis, whereas propidium 2 o i
iodide preferentially stains the nucleus of dead cells, but not living cells. g = g 3 =
Fig. 16A shows that treatment with RGD-tachyplesin induced apoptosis Sl PLIS T T
(annexin V positive, propidium iodide negative) in a greater number of

cells than did treatment with the vehicle or control peptide. Similarly, when tumor cells were treated with
purified HABP, there was an increased apoptotic body as stained with Hochest 33258 (Fig 17), which could be
abolished by pre-mixture of HABP and HA.
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3. HABP triggers apoptosis pathways

Apoptosis can be induced by two mechanisms: (a) the
mitochondrial pathway; and () the death receptor pathway. To
identify the nature of the apoptotic pathway triggered by RGD-
tachyplesin, both TSU and ABAE cells were treated overnight
with RGD-tachyplesin and control peptide and then analyzed by
Western blotting for the alterations of molecules involved in the
mitochondrial and Fas-dependent pathways. Fig. 18 shows that
treatment of both TSU tumor cells and ABAE cells with RGD-
tachyplesin caused the cleavage of M, 46,000 caspase 9 into
subunits of M; 35,000 and M, 10,000, indicating activation of
the mitochondrial-related, Fas-independent pathway. In addition,
RGD-tachyplesin treatment could up-regulate the expression of
upstream molecules in the Fas-dependent pathway, including
Fas ligand (M; 43,000), FADD (M, 28,000), and activate
subunits of caspase 8 (M, 18,000). Furthermore, the downstream
effectors, such as caspase 3 subunits (M, 20,000), caspase 6 (M,
40,000), and caspase 7 (M, 34,000), were also up-regulated by
RGD-tachyplesin. These results suggest that RGD-tachyplesin

Fig 18. HABP triggers apoptosis cascade

Caspase 9
(35 kDa)
Caspase 9
(10 kDa)

Fas ligand
(43 kDa)
FADD
(28 kDa)
Caspase 8
(18 kDa)
Caspase 3
(20 kDa)
Caspase 7
(34 kDa)

Caspase 6
(40 kDa)

4
q -i,,.n“ QH &J?
c,f ‘*-cv c,f ﬁ-"q
o —— S —
o — .
.- e
—— -
- R
e — c
—— C —

induces apoptosis through both the mitochondrial-related, Fas-independent pathway and the Fas-dependent
pathway. However, because there is cross-talk between these two pathways, we do not have enough evidence to

determine which one is the initiator.

Similar pattern of apoptosis related molecules was found in tumor cells treated with brain HABP (Fig
19). In addition, the P53, P16, P27 were up-regulated while bcl-2 and cyclin E were down-regulated. It seems
that brain HABP has multiple regulatory functions to impact on several key molecules related with cell cycle

and apoptosis.

Fig 19. Brain HABP alters cell cycle and apoptosis molecules
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Effect of b-HABP on Molecules involved in
Apoptosis and cell cycle

Increased: Fasl., Caspase 3,pl6, p27,p53
Decreased: bcl-2,cyclin E

4. HABPs interacts with mitochondria and Bel-2

The mitochondria play a central role in regulating apoptosis. To
determine if HABPs could target on mitochondria, the FITC labeled P4
was used to stain the cells and MitoTracker (red) was used as land-
marker. The imaging obtained from confocal microscope was overlayed
and showed that P4 could accumulate in mitochondria (Fig 20). Indeed,
P4 and several members of the Bcl-2 family interact with the
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Fig 20. P4 targets on mitochondria
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mitochondna to control its function as well as the apoptotic cascade. Thus, it is possible that HABPs interacts
with Bcl-2 or related proteins on the mitochondria. To test this possibility, we examined the binding between P4
and Bcl-2 using an ELISA. For this, immobilized P4 was probed with varying concentrations of purified Bcl-2
followed by an antibody to Bcl-2. As shown in Figure 21, the Bcl-2 bound to the P4 in a dose-dependent
fashion but demonstrated little or no binding to the random peptide or to wells coated with vehicle alone.

We further examined the interaction between P4 and Bcl-2 by immunoprecipitation. For this, 293T cells
were transiently transfected with an expression vector coding for Bcl-2 or Bel-x,, fused to green fluorescence
protein (GFP) or with GFP alone as a control (Fig. 21b, lanes 1-3). The cells were then incubated with biotin-
P4, extracted and mixed with streptavidin-Sepharose beads. The bound material was then analyzed by Western
blotting using an antibody to GFP. Figure 21 b shows that P4 could pull down both Bcl-2-GFP and Bcl-x; -GFP
(lanes 5 and 6) but had no effect on GFP alone (lanes 4), indicating that the interaction occurs between Bcl-
2/Bcl-xy, and P4. Similar results were obtained with MCF-7 cells transfected with a Bcl-2 expression vector
(data not shown).

If P4 exerts its effects by blocking Bcl-2-induced apoptosis, then the overexpression of Bcl-2 should
block this process. To test this possibility, MCF-7 cells were transfected with an expression vector for Bel-2 or
an empty vector and then tested for their response to P4 by thymidine incorporation. When the parental MCF-7
cells were treated with P4 overnight, they detached from the substratum, became rounded and condensed,
whereas this did not occur with their counterparts treated with the random peptide. However, when the MCF-7
cells that over-expressed Bcl-2 were treated with P4, they were much less susceptible to cell damage compared
to the vector transfected cells (46% of Bcl-2 high expressing cells vs. 70% of control cells). Thus, excess level
of Bcl-2 appears to reduce the toxic effects of P4, which again suggests that Bcl-2 is the target of P4.

Fig. 21. Interaction of P4 with Bcl-2
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Fig. 22. P4 triggers the release of cytochrome ¢

To determine if P4 initiated apoptosis by destabilizing the &
mitochondria, we performed an in vitro assay to detect the release ‘\f 60\5‘
of cytochrome c. A crude preparation of mitochondria was isolated A@*‘ S

from MDA-435 cells by differential centrifugation and divided into oo
3 fractions that were treated with vehicle alone, a random peptide oy M  SUPemalant
and P4, respectively. The 3 samples were centrifuged to separate the WA i poiie
pellets containing the particulate fraction from the supernatants

containing the soluble components. All of the resulting fractions were then analyzed by Western blotting for
cytochrome c. Figure 22 shows that increased cytochrome ¢ was detected in the supernatant of samples treated
with P4 (lane 3) but not in those treated with either the random peptide or vehicle alone (lane 1 and 2).
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S. HABPs activate the classic complement pathway to kill tumor cells

To identify the molecule that bind to HABPs, we also took phage display approach. We screened a
phage-displayed library of some 1.6 x 107 unique clones expressing sequences from cancer cells ranging in size
from 300 to 3,000 bp in length fused to the 77 gene 10 capsid protein. Phage particles expressing tachyplesin-

binding proteins/peptides were affinity purified on the wells of a microtiter plate coated with tachyplesin or
control peptide. After four or five rounds of biopanning, the number of phages from the tachyplesin-coated
plates was ~100-fold greater than that from control peptide plates. Ten plaques were then selected and amplified
by PCR. Eight had the same-size PCR products and some of these were then sequenced. The deduced amino
acid sequences were then subjected to a blast analysis, which repeatedly identified human Clq. The region of
Clq binding to tacyplesin was located around the first 400 bp of complement C1q B chain open reading frame

(Genbank accession no. NM_000491), corresponding to the NH,-terminal collagen-like domain of Clq (31).

Fig 23. Binding of tachyplesin to Clq

To further test the possibility that tachyplesin indeed
binds to Clq, we examined the interaction between these two
proteins using an ELISA-like system. In the first assay, plates
were coated with tachyplesin or the control peptide, probed
with Clq, and then the amount of bound Clq was detected
with anti-Clq. As shown in Fig.234, Clq binds to
immobilized tachyplesin in a dose-dependent manner, but not
to the control peptide. Similar results were obtained when the
plates were precoated with Clq and then probed with
biotinylated tachyplesin (Fig. 23B). However, this interaction
was significantly reduced if the tachyplesin was denatured by
reduction and alkylation of the disulfide bonds and further
acetylation of the charged side chains (Fig. 23C), which
suggests that the interaction between tachyplesin and Clq
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depends on the secondary structure of tachyplesin.

The binding of tachyplesin to C1q was also dependent on the NaCl concentration used in the assay buffer

(Fig. 23D). The maximum binding occurred at 0.15 mol/L NaCl, the normal physiologic salt concentration. Both
increasing and decreasing the ionic strength in the assay drastically reduced the binding.

The interaction between tachyplesin and C1q was further
examined by affinity precipitation and Western blotting of
normal human serum. For this, a biotinylated tachyplesin was
incubated with normal human serum, followed by streptavidin-
Sepharose. The immobilized proteins were then eluted and
analyzed by Western blotting. As shown in Fig. 24, probing the
blot with a polyclonal antibody revealed three bands
corresponding to three chains of the Clq complex (A: 27.5 kDa,

B: 25.2 kDa, and C: 23.8 kDa, respectively) in the tachyplesin-treated sample, but not in the samples without the
peptide or with the control peptide. Not surprisingly, only a small portion of Clq from the serum was pulled
down because serum contains a relatively high concentration of this protein (80 pg/mL; ref. 32). Taken together,

Fig 24. binding of tachyplesin to serum Clq
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these results suggests that C1q binds to both immobilized (surface-bound) and free (liquid-phase) tachyplesin,

and tachyplesin binds to both purified and serum Clq, which confirms that there is true interaction between

these two molecules.
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Fig 25. tachyplesin could activate the complement pathway

To determine if tachyplesin could %

activate the complement pathway, we used | A B i &
ELISAs with tachyplesin-coated * Oo&"\ O@@ o
microplates. Normal serum was diluted " O7KD —— - C:b
with VBS (containing Ca®*) and applied to :: - - - ¢
wells coated with tachyplesin or the control O'e -

peptide, washed, and then probed with

antibodies against C4, C3, and C5b-9. As . A3k —

shown in Fig. 254, significant amounts of - -

activated fragments of C4b, C3b, and C5b- - .
29kD ——

9 complex were bound to the immobilized
tachyplesin but not to the immobilized

control peptide. Furthermore, when the
same fresh serum was heat-inactivated (56°C, 30 minutes) before use, then the amount of C4b, C3b, and C5b-9
complex was greatly reduced. These results show that tachyplesin is able to trigger the activation of whole
classic complement cascade, which is characterized by the appearance of C4b, C3b, and C5b-9 complex.

To further test for the presence of activated C4b fragments, Western blotting was done. For this, normal
fresh human serum was mixed with the biotinylated tachyplesin or control peptide, affinity-precipitated with
streptavidin-Sepharose, and then subjected to SDS-PAGE and Western blotting using antibodies to C4. Figure
25B shows that the three peptide chains of C4b (« 97 kDa, B 75 kDa, and 733 kDa, respectively) were affinity-
precipitated in the tachyplesin-treated sample, but not in those treated with the control peptide or in the absence
of peptide. This is consistent with the results obtained from ELISA and further supports the conclusion that
tachyplesin can activate the classic complement cascade. Whereas it is possible that tachyplesin binds directly to
(C4b, the phage display results suggest that this is not the case. Tachyplesin seems to initially and mainly bind to

C1q and then to C4b.
Fig 26. HA-mediated attachment of tachyplesin to TSU tumor cells

Because tachyplesin ~ contains a A o B
hyaluronan-binding  motif [B(X);B], we
investigated the possibility that tachyplesin can
bind to hyaluronan (both free and cell
associated). We took advantage of the fact that
hyaluronan by itself does not bind to
nitrocellulose but will do so in the presence
proteins or peptides that bind to it (33). In the
assay, tachyplesin was  mixed with
[*Hlhyaluronan and then applied to a S
nitrocellulose membrane. The free 200
[3H]hyaluronan was washed away and the
complex of [3H]hya]uronan—tachyplesin retained
on the filter membrane was analyzed. Figure
26A shows that tachyplesin binds strongly to P
hyaluronan and this could be abolished by a 100-
fold excess of unlabeled hyaluronan. In contrast, the control peptide showed little or no binding to
[*H]hyaluronan, indicating that the binding of tachyplesin to hyaluronan was specific.
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We then examined the binding of FITC-tachyplesin to TSU cells that express large amounts of
hyaluronan on their surfaces (34, 35). As shown in Fig. 26B, tachyplesin was distributed on the surface of the
cells. This binding was significantly reduced by the addition of an excess of free hyaluronan on pretreatment

16



with hyaluronidase (Fig. 26C) as shown by flow cytometry analysis. These results suggest that hyaluronan or
related molecules, such as chondroitin sulfate (36), act as targets for tachyplesin on the cell surface.

Fig 27. Effect of tachyplesin on induction of complement on the cell surfaces

In the classic pathway of complement activation, 4- to 5-
fold more C3b than C4b is deposited on the surfaces of target

. : ; : & o
cells (37). In addition, C3 contains a thioester moiety that can & .
form covalent bonds with nearby molecules in the transition ® T
from C3 to C3b. Thus, C3b deposition represents an index of | o — s — B
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complement activation. For this reason, we tested whether » ot
tachyplesin could induce the deposition of C3b on tumor cells. = }\ ~N
TSU cells were incubated in a mixture of normal serum and :

tachyplesin, stained with antibodies to C3, then examined by
confocal microscopy. As shown in Fig. 274 and B, C3b was

20 —

indeed deposited on the surfaces of TSU cells.

The presence of activated C3b was also shown by Western blotting of TSU cells following treatment
with serum and tachyplesin. Figure 27C shows that in the samples treated with tachyplesin, two subunits of C3b
(o 115 kDa and B 75 kDa) and possibly degraded iC3b (? band for «l). Significantly, a high molecular weight
band (HMW in Fig. 27C) was found with Western blotting under reducing conditions, indicating a covalent
linkage to large membrane constituents. Scans of these Western blots revealed that the majority of deposited
C3b (70-80%) was present in this high molecular weight form. This is consistent with the fact that in the
transition from C3 to C3b, a thioester moiety, can form covalent bonds with nearby molecules. FACS analysis
of cells treated with tachyplesin and serum (Fig. 27D) showed that there was a significant increase in FITC-
tagged antibody to C3, indicating that C3b was deposited on the tumor cells, which did not occur with cells
treated with the control peptide. These results are consistent with those from confocal microscopy and Western
blotting.

Fig 28. Effect of HAase on tachyplesin function.

Because tachyplesin can bind to hyaluronan, we investigated | A ..
the possibility that membrane-bound hyaluronan plays a role the
binding of tachyplesin-mediated activation of complement on the
surface of tumor cells. Suspensions of TSU cells were pretreated with £
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